Abstract: Polycyclic aromatic hydrocarbons (PAHs), their derivatives, and their degradation products were assayed for the ability to enhance activities of ligninolytic enzymes (laccase and versatile peroxidase) of the fungus Pleurotus ostreatus D1. The activities of both laccase and versatile peroxidase were induced by the PAHs, their derivatives, and their degradation products. Laccase was produced mostly in the first 7-10 days, whereas the production of versatile peroxidase began after 5-7 days of cultivation. Non-denaturing PAGE showed the presence of additional forms of laccase and versatile peroxidase in the presence of the xenobiotics in the cultivation medium. The difference in the production time for these enzymes may reflect that laccases are involved in the first stages of PAHs degradation and that versatile peroxidase can be necessary for oxidation of some degradation products. This is the first report on versatile peroxidase induction by PAHs and their derivatives.
Introduction
White rot fungi are the most active decomposers of lignin in nature. Fungal extracellular oxidases and peroxidases have been suggested to play a key role in lignin degradation [1, 2] . Three types of peroxidases are produced by white rot fungi: the well-known lignin and manganese peroxidases, described in different white rot fungi, and versatile peroxidase, described mainly in Pleurotus and Bjerkandera species as a hybrid between Mn-peroxidase and lignin peroxidase. Versatile peroxidase combines the catalytic properties of the above two peroxidases and can oxidize typical Mn-peroxidase and lignin peroxidase substrates [3, 4] . Extracellular enzyme composition varies in different fungi but most commonly includes laccase and Mn-peroxidase [5] , which are the most important ligninolytic enzymes [2] . The main biological functions ascribed to the fungal laccases are the involvement in morphogenesis, fungal plant-pathogen/host interaction, stress defense and lignin degradation [6] . White rot fungi also secrete ligninolytic peroxidases and laccase for removal of toxic phenols produced in lignin degradation and for removal of various aromatic xenobiotics [2, [7] [8] [9] .
Production of ligninolytic peroxidases is a secondary metabolic process that can be triggered by the depletion of nutrients in a medium, and it does not depend on the presence of lignin in the cultivation medium. However, the production of these enzymes is enhanced significantly if the fungal culture has been induced by lignin or by compounds having structures similar to those of the lignin-degradation products [1] . Manganese and veratryl alcohol are inducers of these enzymes that have received the most discussion. For example, Mn-peroxidase production by the fungi Phanerochaete chrysosporium and Trametes versicolor was induced not only by C or N starvation but also by Mn 2+ [10, 11] . Induction of Mnperoxidase by Mn 2+ was also found in several fungi, including Phanerochaete laevis [5] , Phanerochaete sordida [12] , Phlebia radiata, Phanerochaete chrysosporium, Phlebia subserialis [13] , Lentinus edodes [13, 14] , and Dichomitus squalens [15] . However, Mn 2+ inhibits Mn-peroxidase (versatile peroxidase) production by Pleurotus eryngii, P. ostreatus, P. pulmonarius, and P. sajor-caju, whereas a high level of this enzyme was obtained in a peptone medium [16, 17] . Stimulation of ligninolytic peroxidases by peptone in an N-rich medium, as found in Pleurotus, has also been reported in Bjerkandera adusta [16] . Furthermore, production of versatile peroxidase in Bjerkandera sp. BOS55 does not depend on manganese and is greatly stimulated by exogenous addition of various physiological organic acids, such as glycolate, glyoxylate, and oxalate [3] .
Little is known about the role of aromatic compounds in the induction of Mn-peroxidase and/or versatile peroxidase, with veratryl alcohol being the most studied [18, 19] . Different strains of T. versicolor show different Mn-peroxidase activities when veratryl alcohol or veratric acid is used as an inducer [20] . Mn-peroxidase production is stimulated by veratric acid in Phlebia radiata [19] . Gill and Arora (2003) [21] showed that Mn-peroxidase production can be promoted by the lignindegradation products in the white rot fungi D. squalens, Irpex flavus, and Polyporus sanguineus. Furthermore, Schlosser et al. (1997) [22] showed that when T. versicolor is cultivated on wheat straw or beech wood, the water-soluble compounds of lignin or lignocellulose fractions of these solid substrates can induce Mnperoxidase.
Another important component of the ligninolyticenzyme system is laccase. Many fungal laccases can be not only constitutive but also inducible [23] . Laccase inducers are (i) compounds having structures similar to those of the substrates for this enzyme and (ii) substrates or compounds similar to natural growth substrates for these fungi [23] . For example, Skorobogat'ko et al. (1996) [24] showed that laccase production increases ten-fold in the presence of syringaldazine, a wellknown laccase substrate. Gallic and ferulic acids were also used as inducers because their structures are similar to those of model lignin compounds [23] . A mixture of ferulic acid and vanillin effectively induced the production of laccase by Pleurotus pulmonarius (Fr.) Quélet [25] . 2,5-Xilidine has frequently been used in laboratory experiments to increase the production of this enzyme [26] . More and more laccase-activity inducers are being found all the time, and some xenobiotics and metal ions are also capable of inducing laccase [18] . For example, copper has been reported to be a strong laccase inducer in the fungal species T. versicolor, Ph. chrysosporium, and P. ostreatus [27, 28] .
Initially, the white rot fungi were studied only as active lignin degraders. Subsequently, it was found that apart from lignin, they can degrade a wide series of aromatic xenobiotics, including polychlorinated phenols, nitro-and amino-substituted phenols, synthetic dyes, and polycyclic aromatic hydrocarbons (PAHs) [2, [29] [30] [31] . The use of the biodegradative potential of these fungi can be based on wide-range studies of the enzymes involved in xenobiotic degradation. The involvement of extracellular ligninolytic enzymes, such as Mn-peroxidase and laccase, in PAH degradation has been discussed by many researchers. Both enzymes can catalyze PAH oxidation under appropriate conditions [5, [31] [32] [33] [34] . Unfortunately, very few data are available on the influence of PAHs on ligninolytic peroxidases and laccase production. For example, the addition of the mixture containing anthracene, fluoranthene, phenanthrene and pyrene resulted in increased ligninolytic enzyme activity and a significantly higher activity of Mn-independent peroxidase appeared. In the case of individual PAH -pyrene the stimulation of Mn-dependent and Mn-independent peroxidases was also observed [35] .
P. ostreatus belongs to a subclass of lignin-degrading fungi that produces laccases, Mn-peroxidases, and versatile peroxidases but no lignin peroxidases [4, 36] . Our early studies showed that the strain P. ostreatus D1 could actively degrade PAHs [34] . The aim of the present study was to investigate the influence of PAHs and their derivatives on ligninolytic enzyme activities (laccase, Mn-peroxidase, and/or versatile peroxidase) during submerged cultivation of the fungus P. ostreatus D1.
Experimental Procedures

Chemicals
2,2'-Azino-bis-(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS) 2,6-dimethoxyphenol (DMOP), and catechol were from Sigma-Aldrich (Germany); naphthalene, α-hydroxy-β-naphthoic acid, anthracene, fluorene, phenanthrene, 2,2'-diphenic acid, phthalic acid, fluoranthene, pyrene, chrysene, benzo[a]pyrene, and o-dianisidine were from Fluka (Switzerland); anthrone, alizarin red, α-and β-naphthols, α-nitroso-β-naphthol, α-naphthylamine, and the other chemicals were from Reachim Co. (Russia).
Organism and culture conditions
P. ostreatus D1, obtained from the Laboratory of Microbiology and Mycology of the Institute of Biochemistry and Physiology of Plants and Microorganisms RAS [37] , was grown at 29ºC in basidiomycetes rich medium (BRM; рН 6.0), with our modifications, its composition being as follows (g/l): NH 4 [38] . To study the effect of various xenobiotics on enzyme production, the fungus was also grown in the same medium without agar addition. A mycelial mat on agar plugs (5-mm diameter) was inoculated into 100 ml of this medium in 250-ml Erlenmeyer flasks. Cultivation was carried out at 29°С with shaking (150 rpm) for 3 days. Concentrated solutions of the xenobiotics in organic solvents (chloroform or acetonitrile according to solubility of the used compounds) were subsequently added to the cultures to give 50 mg/l (100 μl of solution per Erlenmeyer flask). Aliquots were assayed daily for laccase and peroxidase activity (incubation time, up to 21 days). Three experiments for each compound were run separately, and each experiment was performed in triplicate. A controls (PAH-free) containing 100 μl of chloroform or acetonitrile were added to each experiment. [40] . Peroxidase activity was calculated as the difference between the values of DMOP oxidation with and without H 2 O 2 . One unit of enzyme activity (U/ml) is defined as the amount of enzyme that oxidizes 1 μmol of substrate per min.
Enzymatic measurements
Mycelium was separated from the culture medium by filtration after cultivation during 3, 7, 10, 14, 17, and 21 days and was dried to constant weight. The relation of units of enzyme activity per dry biomass weight was calculated.
Nondenaturing PAGE
Nondenaturing PAGE was performed according to the modified method of Laemmli, with the omission of sodium dodecyl sulfate and β-mercaptoethanol [41] . 10% polyacrylamide gels were used. Native samples were dialyzed against 20 mM Tris−HCl (pH 6.8) and were applied to the electrophoretic gels. After separation, the gels were visualized by 0.3 mM o-dianizidine for laccase activity [42] and with o-dianizidine in the presence of 100 μM H 2 O 2 , with or without 100 μM MnSO 4 , for peroxidase activity. [34] . In this study, a longterm culture was used to follow the effect of several PAHs and their derivatives on ligninolytic enzyme activities during submerged cultivation of the fungus. The biomass dry weight measurements showed that among used PAHs only naphthalene was toxic to the fungus and completely inhibited mycelial growth and enzyme production.
Results
Effect of PAHs and their derivatives on laccase and versatile peroxidase activities
ABTS was chosen for laccase activity measurements because it had been used frequently for this purpose, including measurements of laccases from P. ostreatus [27, 28, 36, 43] . Unfortunately, the use of a more specific laccase substrate, syringaldazine, involved difficulties because this is a low-soluble substrate and, in some treatments, precipitation was observed, distorting the obtained data. DMOP with H 2 O 2 , in the presence and absence of Mn 2+ , was used for measurements of peroxidase activity, according to Heinfling et al. (1998) [40] .
Only two extracellular activities were found throughout cultivation. The first was laccase, which corresponded to our earlier findings [34] . The second was peroxidase, with Mn 2+ addition increasing the DMOP oxidation rate by only 20%. The time courses of peroxidase activity measured with or without Mn 2+ were the same. o-Dianizidine with H 2 O 2 visualization via nondenaturating gels revealed the presence of two bands (see below). Mn 2+ addition did not reveal any other bands on the same gel. Furthermore, the use of veratryl alcohol, a substrate for lignin peroxidase and versatile peroxidase, revealed a very slow reaction. These data suggest that peroxidase produced by P. ostreatus D1 under these conditions can be similar to versatile peroxidase described by Ruiz-Duenas et al. (2001) [4] in fungi belonging to the genus Pleurotus. Mn-peroxidase activity was not found in the conditions described above.
We found that P. ostreatus D1 produced laccase and versatile peroxidase during cultivation in BRM without any xenobiotics (control). The presence of solvents did not affect the ligninolytic enzyme activities.
Production of versatile peroxidase started after 10 days of fungal cultivation and reached its maximal value (55.5 U/ml) on day 19. In contrast, laccase was observed throughout the cultivation period, reaching maxima (11.7 and 11.1 U/ml) on days 5 and 12, respectively. Table 1 shows data on the influence of PAHs and their derivatives on laccase and versatile peroxidase activities. The studied compounds could be divided into several groups. The first group included some products from PAH degradation by fungi and bacteria [44] [45] [46] ; the second group, the two-ring PAHs naphthalene and its derivatives; the third group, the three-ring PAHs and the anthraquinone-type compounds; the fourth group, the four-ring PAHs; and the fifth group, benzo[a]pyrene. Maximal activity and the time required for both enzymes to reach it depended on the xenobiotic used (Table 1) .
Dynamics of laccases
We found that in basidiomycetes-rich medium without any xenobiotics, P. ostreatus D1 produced laccase during 21 days of cultivation with maxima on days 5 and 12. The presence of phthalic acid or 2,2'-diphenic acid did not result in a noticeable increase in laccase activity, and catechol abolished laccase activity ( Figure 1A) .
The effect of the two-ring PAH naphthalene and some of its derivatives on laccase activity was investigated. Among a number of PAH-derivatives, only two, α-naphthol and α-nitroso-β-naphthol, increased the activity of this enzyme by almost three times. In contrast to the xenobiotic-free control, laccase activity peaked later, on day 8 in the presence of α-naphthol and on day 9 in the presence of α-nitroso-β-naphthol ( Figure 1A ). Table 1 . Influence of PAHs and their derivatives on laccase and versatile peroxidase production. Results are expressed as the mean ± SD, n=3.
"−" throughout cultivation
Investigation of the effect of the three-ring PAHs showed that phenanthrene and anthracene increased laccase activity by approximately two-fold. However, fluorene caused a slight inhibition ( Figure 1B) .
The three-ring structure of anthraquinone, the product of laccase-catalyzed oxidation of anthracene, is comprised within the structure of some synthetic dyes. We studied the influence of two anthraquinonetype compounds (anthrone and alizarin red) on laccase activity. Although anthrone was not toxic to the fungus, the activities of extracellular enzymes were completely abolished. At the same time, alizarin red induced laccase activity of P. ostreatus D1 by almost two times, with activity peaking (22.2 U/ml) on day 10 ( Figure 1B) .
We found that among the four-ring PAHs, pyrene and fluoranthene increased laccase activity by 2.5 and 1.6 times, respectively; chrysene was substantially inhibitory ( Figure 1C) . benzo[a]pyrene increased laccase activity by two times, with maximal enzyme activity being observed on day 7, in contrast to the benzo[a]pyrene-free control ( Figure 1C ).
Dynamics of versatile peroxidase
P. ostreatus D1 produced versatile peroxidase in both presence and absence of the xenobiotics. The production of versatile peroxidase started after laccase production (Figure 2A ). In the PAHs-free control, versatile peroxidase production started after 10 days of incubation and peaked (55.5 U/ml) on day 19. In the presence of all the studied compounds except for phenanthrene, versatile peroxidase production started and peaked earlier than it did in the absence of the PAHs (Figure 2A-C) .
Catechol, phthalic acid, and 2,2'-diphenic acid induced versatile peroxidase activity to varying degrees, with the activity of the enzyme being detected A: by the products of PAHs degradation (■ -control (no inducer), •-catechol, ▲ -phthalic acid, □ -2,2'-diphenic acid) and the two-ring PAHs (○ -α-naphthol, Δ -α-nitroso-β-naphthol) in the cultivation medium on days 2−4. Among these compounds, catechol and/or its oxidation product were the most effective inducers; versatile peroxidase activity peaked (93.3 U/ml) on day 7 (Figure 2A) .
The three-ring anthracene was no less active than catechol; in its presence, versatile peroxidase was produced as three peaks of activity, reaching 72.9, 75.2, and 87.7 U/ml ( Figure 2B ). Phenanthrene increased versatile peroxidase activity by 1.3 times. Furthermore, alizarin red, containing three-ring structure of anthraquinone, was one of the best inducers of versatile peroxidase ( Figure 2B) .
Besides, we found that pyrene and benzo[a]pyrene also induced versatile peroxidase activity, which reached maxima of 62.6 U/ml and 24 U/ml, respectively ( Figure 2C ). However the four-ring fluoranthene and chrysene were slight inducers of versatile peroxidase.
Electrophoretic analysis of the extracellular enzymes
Numerous varieties of white rot fungi have been reported to produce ligninolytic enzymes in the form of isozymes.
The influence of induction on the PAGE pattern of laccase is shown in Figure 3 . In the xenobiotic-free control, staining with o-dianizidine resulted in two bands corresponding to laccase activity (Lac1 and Lac 2), and the addition of catalytic amounts of Н 2 О 2 , with or without Mn 2+ , to the coloring solution enabled the identification of at least one band with peroxidase activity (Figure 3) . Mn 2+ addition did not reveal any other bands with peroxidase activity on the same gel. In the presence of the PAHs, additional forms of laccase (Lac3) and versatile peroxidase (VP2) were found, irrespective of the PAHs used (Figure 3 ).
Discussion
We found that P. ostreatus D1 produced only two extracellular enzymes (laccase and versatile peroxidase) during cultivation in BRM both in the presence and absence of PAHs and their derivatives. The production of these enzymes occurred at different times, and the peak of laccase activity preceded the peaks of versatile peroxidase. Our data are in agreement with the findings obtained by other authors who investigated ligninolytic enzyme production during lignin degradation. For example, Rothschild et al. (2002) [47] showed that the production of ligninolytic enzymes by Irpex lacteus occurred at different times and that the peak of laccase activity preceded the peaks of Mn-peroxidase and lignin peroxidase activities. P. ostreatus and P. pulmonarius laccases were determined during the first 8 days of cultivation in coffee pulp, whereas Mn-peroxidase appeared near the end of the experiment [48] . Research on the production of laccase and Mn-peroxidase by three basidiomycetes − Clitocybula dusenii, Nematoloma frowardii, and i63-2 − has shown that laccase is expressed constitutively during the first stage of degradation of such aromatic polymers as humic acids and lignin. The resultant degradation products, increase the activity of laccase and induce Mn-peroxidase, ultimately resulting in higher effectiveness of degradation of aromatic compounds [18] . We found that in basidiomycetes-rich medium (PAH-free control) P. ostreatus D1 produced laccase during 21 days of cultivation with maxima on days 5 and 12. A time course of laccase production by another strain of P. ostreatus in potato−dextrose−yeast extract cultivation medium was studied by Palmieri et al. In this case, activity peaked at about 3 days after incubation and decreased slowly thereafter [36] .
One-ring compounds were demonstrated to act as inducers of ligninolytic system. Such compounds were also showed to be products of PAH degradation [35] . The study of influence of some products from PAH degradation [44] [45] [46] on laccase production revealed that the presence of phthalic acid or 2,2'-diphenic acid did not result in a noticeable increase in laccase production by P. ostreatus D1 and that catechol inhibited it completely. At the same time, Mougin et al. (2002) [49] showed that phthalic acid can stimulate the production of laccase involved in the biotransformation of this compound by 1.9 times. A 1.5-fold increase in laccase production by P. ostreatus in the presence of catechol was shown by [50] . This discrepancy between the current results and those of [50] may be the result of fungal strain variability or differences in cultivation conditions.
The study of the effect of naphthalene and some of its derivatives on laccase production by P. ostreatus D1 revealed that this two-ring PAH was toxic to the fungus. Although derivatives of naphthalene such as α-naphthol, β-naphthol, α-naphthylamine, α-nitroso-β-naphthol, and α-hydroxy-β-naphthoic acid are good substrates for the P. ostreatus D1 laccase [51] , only two of these, α-naphthol and α-nitroso-β-naphthol, increased the production of this enzyme and shifted the time of laccase production. The effect of these compounds on laccase production is poorly understood.
Phenanthrene and anthracene containing three aromatic rings increased laccase production, but fluorene, containing two aromatic rings and a pentacarbon cycle, slightly inhibited laccase production. Yet, [50] also showed that laccase production by another strain of this fungus did not depend on the presence of phenanthrene in the cultivation medium but that fluorene increased the production of this enzyme by about 1.5 times. Fluorene also stimulated laccase production by T. versicolor by 4.3 times [49] . This discrepancy between the current results and those of [50] may be due to fungal strain variability or differences in cultivation conditions.
The influence of two compounds containing the three-ring structure of anthraquinone (anthrone and alizarin red) on laccase production was studied. Anthrone completely inhibited the production of extracellular enzymes. The inhibitory effect of anthraquinone compounds on laccase production was shown earlier for P. sajor-caju [52] . At the same time, alizarin red induced laccase activity of P. ostreatus D1. The same results were found by Wesenberg et al. (2002) [30] , who showed that Clitocybula dusenii produces laccase only in the presence of some dyes. [50] showed that P. ostreatus produced laccase during cultivation in BRM independently of the presence of pyrene, whereas fluoranthene and benzo[a]pyrene inhibited laccase production by about 1.5 times. Other authors found that benzo[a]pyrene has no remarkable effect on laccase production by the fungi Fusarium solani and F. oxysporum [53] , or by T. versicolor [49] . We found that among the four-ring PAHs, pyrene and fluoranthene increased laccase production but chrysene was substantially inhibitory. Furthermore, the five-ring benzo[a]pyrene increased laccase production, with maximal enzyme production being observed on day 7.
The subsequent decrease of enzyme activities can result from formation of some toxic products of PAHs degradation under used conditions (for example corresponding quinones). These compounds can metabolize further and their products can in part stimulate ligninolytic enzymes activities of the fungus P. ostreatus D1.
Laccase activity is positively correlated with the growth of the fungus. Maximal laccase activity is observed at the beginning of the stationary phase [54] . For elucidation of whether the changes in the levels of activity were the results of induction or only of changes in biomass quantity, the relation of enzymatic units per dry biomass weight was calculated. It was found that biomass quantity increased during 14 days after which it did not change until the end of the experiments, possibly because of depletion of the nutrient source. In some cases, the presence of xenobiotics (pyrene and phenanthrene, for example) inhibited biomass production during the first 7 days of cultivation, after which biomass quantities remained constant. The increase in the relation of enzymatic activity per dry biomass weight in some treatments in comparison with the control (without xenobiotics) suggested that the changes in the levels of activity resulted from induction.
P. ostreatus D1 produced versatile peroxidase in both presence and absence of the xenobiotics. The production of versatile peroxidase started after laccase production. In the presence of all the studied compounds except for phenanthrene, versatile peroxidase production started and peaked earlier than it did in the absence of the PAHs. Among the studied simple aromatic compounds, catechol and/or its oxidation product were the most effective inducers. The three-ring anthracene was no less active than catechol. As also observed for laccase, the presence of the three-ring anthrone in the cultivation medium completely suppressed the activity of versatile peroxidase. The synthetic dye alizarin red was one of the best inducers of versatile peroxidase. Similar results were obtained by Wesenberg et al. (2002) [30] , who showed that addition of a mixture of dyes to a submerged culture of Clitocybula dusenii induced Mn-peroxidase production and that enzyme production began after day 5 or 6.
Only few reports exist on peroxidase production in the presence of PAHs. [50] showed that P. ostreatus does not produce Mn-peroxidase during cultivation in BRM either in the presence or in the absence of PAHs. The addition of PAH mixture resulted in a significantly higher activity of Mn-independent peroxidase of the fungus Irpex lacteus. The stimulation of Mn-dependent and Mn-independent peroxidases by pyrene was also observed. However the presence of chrysene, benzo[a]anthracene, benzo[a]pyrene or benzo[g,h,i]perylene did not affect the ligninolytic enzyme activity. Authors attributed this to a lower solubility that significantly influences the availability of the compounds for the organisms [35] .
It is well known that white rot fungi produce ligninolytic enzymes in the form of isozymes which encoded by gene families. In response to inducers, laccase gene expression varies from fungus to fungus [23] . For example, Klonowska et al. (2001) [55] showed that Marasmius quercophilus C30 produces at least four laccases. Production of two laccase forms by the fungus Volvariella volvacea was shown during induction by ferulic acid, 4-hydroxybenzoic acid, р-hydroxybenzaldehyde, veratryl acid, CuSO 4 , and xylidine [56] . The main research concerning laccase isoforms from P. ostreatus was performed by the team of Dr. Palmieri, who purified and characterized some isoforms [27, 28, 36, 43] . They found that P. ostreatus produces three phenol oxidases [43] . Later, they showed that at least two phenol oxidases produced by the fungus are laccases, although the unusual structural characteristics displayed by one of these permitted the authors to designate it as "white laccase" [36] . At least three laccase isoforms were identified by electrophoresis of the culture filtrates of another member of the genus Pleurotus -P. pulmonarius (Fr.) Quélet [25] .
Unfortunately, literature data on the effect of PAHs on the production of different isoforms of laccase was not found. The data herein report that P. ostreatus D1 produces two forms of laccase in the xenobiotic-free control. An additional form of laccase (Lac3) was found for the first time in the presence of the PAHs, irrespective of the PAHs used. The pattern of the laccase isoforms observed in nondenaturating PAGE in the presence of PAHs was similar to the isoforms pattern observed by Palmieri et al. (2000) [27] (Figure 3) . The presence of several forms of versatile peroxidase and Mn-peroxidase also was shown in different fungi. For example, the production of three Mn-peroxidase forms was shown in a submerged culture of Phanerochaete sordida [12] . The presence of four Mn-peroxidase forms was revealed in Irpex lacteus [47] . The presence of three Mn-peroxidase forms in chrysene-and fluorene-grown Phanerochate chrysosporium was shown by [57] . Unfortunately, no literature exists on the effect of these compounds on versatile peroxidase production.
Here, we found that P. ostreatus D1 produces a single form of versatile peroxidase in the xenobioticfree control. An additional form of this enzyme (VP2) was found for the first time in the presence of the PAHs, irrespective of the PAHs used.
Our results clearly show that PAHs, their derivatives, and their degradation products can stimulate laccase and versatile peroxidase activities of the white rot fungus P. ostreatus D1. Generally, the greatest effects were observed after 3 days of cultivation for laccase and after 10 days for versatile peroxidase. The PAH-degradation products themselves are possible biological inducers [35] . Therefore, complete characterization of these compounds is necessary for a complete assessment of the remediation processes. Besides, the fact that these enzymes are observed at different times may attest that laccases are involved in the first stages of PAHs degradation and that versatile peroxidase can be necessary for oxidation of the degradation products. The data generated in this study have applied significance because the fungi producing laccases and versatile peroxidase are suitable for bioremediation of contaminated sites.
